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Abstract 
Steam generator (SG) tubes made of Ni-Cr-Fe based
Pressurized Heavy Water Reactors (PHWRs) in the
These tubes are exposed to aggressive environments 
etc. Corrosion aspects like intergranular-stress-corr
literature, whereas work on fracture behavior of thes
integrity assessment of SG tubes, a valid fracture mec
mm, it is not feasible to machine standard fracture me
state of stress cannot be achieved at the crack-tip of
toughness. Thus, non-standard tests have been carried
tubes in a test-setup known as Pin-Loading-Tension
determining stress intensity factor and fracture tough
the shape function and the other required geometric f
technique was used for estimation of crack growth. T
SG tubes of Indian PHWRs. 
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While research work into the corrosion aspect o
fracture behavior of these materials is limited, es
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Alteration of geometry of the tube may lead t
standard tests have been carried out on axially-c
a test-setup known as Pin-Loading-Tension (PL
evaluate the geometric functions as a function 
estimate the stress-intensity factors which are u
Fracture toughness tests were later conducted o
In order to estimate the crack growth during the
suitable for this loading condition as the unload
loading device. Finite element analysis has als
needed for evaluation of J-R curve from thes
available in literature. The results obtained will 
tubes of Indian PHWRs. 
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The detailed design of loading fixture is de
which form the cylindrical holder and a rectang
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actuator controlled by a 24-bit controller having
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Fig. 2. (a) Loading of a specimen in a servo-hydraulic
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= =
  (1) 
where f(a/W) is shape function, specific to the tube, t is tube wall thickness, C is compliance, a is crack length, 
W is specimen width, P is applied load, and KI is mode I stress intensity factor. Hence, basically, for derivation 
of f(a/W) from experimental compliance, it is required to differentiate the compliance function of a/W, w.r.t. 
a/W and proceed through eq. 1. Two independent procedures are adapted for finding )/( Wad
dC
. 
 
(a) 
 
(b) 
 
(c) 
Fig. 3. (a) Load-COD response for all specimens with different notch lengths, (b) compliance fitted as a function of a/W, and (c) 
comparison of shape function expressions obtained through experiment and FEM. 
 
In the first approach, the compliance curve [Fig. 3 (b)] is fitted with a polynomial in a/W and the fitted 
function is differentiated using power law. The resulting f(a/W) expression is a polynomial in a/W. 
In the second approach, suggested by Ryder et. al. [2, 5, 6, 7], a Z function is incorporated to correlate the 
discrete compliance values with the discrete a/W values and using the function a pure analytic expression for
)/( Wad
dC
 in the form of a/W is derived, involving three constants, specific to tube geometry. Those constants 
are evaluated imposing special boundary conditions to find a pure analytic expression for f(a/W). The f(a/W) 
expressions for both the cases are graphically compared with FEM results [Fig. 3 (c)] in Section 5. 
3. FEM analysis 
Finite element analysis (FEM) has been done for the entire assembly of specimen and fixture to find the 
shape function and η and γ functions necessary for calculation of Jpl from experimental data. The details will be 
briefly discussed below.  
3.1. Mesh generation 
Taking into account the symmetry in the specimen geometry, crack and loading configuration, one quarter 
of the test setup has been modelled as shown in Fig. 4 (a). A prescribed displacement is applied at the end of 
the mandrel in y-direction and the movement of the loading point is restricted in the x-direction (i.e., direction 
of length of the tube) as this point is attached to the loading axis of the machine. The un-cracked ligament of 
the tubular specimen is fixed in y-direction (however, this is free to move in x and z-directions) in order to 
apply the symmetry condition. The line of the loading pin (which acts like a fulcrum) is also fixed in y-
direction only. 
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(a) (b) 
Fig. 4. (a) The FE model for specimen fixture assembly, (
spec
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( )'pli i i iv v PC W= −    (6) 
' '
0 2bi i Ya a J σ= +    (7) 
The final data point is also normalized in the same way but in this case the crack length after fracture 
toughness testing [Fig. 2 (c)] is considered. The resulting normalized data set is fitted [Fig. 4 (b)] using the 
following equation: 
2v v
v
pl pl
N
pl
a b c
P
d
′ ′+ +
=
′+
  (8) 
Thereafter all bia′  values are forced to change allover the entire data set to lie in eq. (8). Thus estimation of 
actual crack growth is achieved and then Jpl for all data points are derived using the following equation: 
' '
( 1) ( ) ( 1) ( ) ( 1)
( ) ( 1) ( 1)
( 1) ( 1)
1
2
i pl i pl i i i
pl i pl i i
i i
A A a a
J J
b t b
η γ− − −
− −
− −
ª º§ · ª º
− −
= + −« »¨ ¸ « »¨ ¸ « »« »© ¹ ¬ ¼¬ ¼
  (9) 
Jel is derived by 
2
el IJ K E= , where ( )2I
PK f a W
t W
=   (10) 
Since all the required geometric functions are now known, J can be derived for all data points and can be 
plotted against Δa to find J-R curve [Fig. 4 (c)]. 
5. Results and discussion 
The shape function results are graphically compared in Fig. 3 (c). Between 0.6 and 0.75 values of a/W, the 
experimental curves are found to match well with each other. Outside this band, for lower a/W, approach 1 is 
found to predict a higher f(a/W) value whereas approach 2 does the same for higher a/W. However, the curve 
for approach 2 is found to match well with the FEM findings for the highest a/W considered here unlike the 
curve for approach 1. Overall, also, FEM results show closer resemblance with the curve for approach 2 but the 
FEM result is always a little lower than the experimental findings. In fact, there is variance in FEM result if one 
considers the variation of SIF across the tube wall thickness and from Fig. 3 (c), it is clear that the FEM result 
for inside surface of the tube is matching more closely with experimental findings. 
Considering Fig. 4 (c), it can be said that ample reproducibility is achieved when all nine single specimen 
results are considered together, at least up to a crack growth of ~1mm. also, from J values for each load-
displacement curve, a multiple specimen J-R curve is constructed as shown in Fig. 4(c). As the multiple 
specimen result is not crack growth corrected, it always underestimates J a little bit for the same Δa. 
6. Conclusions 
     A new method is presented for finding the crack resistance curve of thin-walled steam generator tubes. 
Specimens and loading fixtures are fabricated after suitable customization. A number of geometric functions, 
necessary for calculation of SIF and J have been derived through experiment and FEM and using those 
functions J-R curve for SG tube used in Indian PHWR has been obtained. 
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